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patial patterning of chemical and physical properties of surfaces has been used to control the behavior of cultured cells for decades. 1À7 Most of these early methods were based on patterning extracellular matrix proteins, either directly or by modulating their deposition by the cells themselves. Subsequently, more refined technologies began to focus more on specific ligand display. Such synthetically designed platforms have already provided substantial insight into how cellular functions such as adhesion, 8 migration, 9,10 proliferation, 11 differentiation, 12 as well as specific receptor activation and the role of spatial organization 13, 14 are regulated on the molecular level. For example, microand nanopatterned arrays of adhesion molecules have been used to investigate how spatial differences of only a few nanometers can influence cell fate and response. 6 These experiments revealed that fibroblasts can apparently sense even nanoscale gradients of adhesion molecules, and underscore the precision with which cells control and react to the spatial organization of molecules. 15 While useful in many cases, immobile patterning intrinsically defeats any cellular process that naturally involves movement of the ligands, such as is particularly common among juxtacrine signaling in cellÀcell junctions where both receptor and ligand reside in the fluid cell membranes.
One material platform technology that has proven particularly useful to address the more fluid nature of intercellular interactions is the supported membrane. 16 Lipid bilayers can be assembled on solid surfaces in such a way that they form a single, continuous, membrane that coats the underlying solid substrate but maintains a high degree of lateral mobility in the membrane. 16À18 Lipid mobilities in supported membranes are typically 3À4 μm 2 /s, which, while several times slower than that of free bilayer membranes (e.g., in giant unilamellar vesicles 19 ), is still faster than lipid mobility (∼1 μm 2 /s) in the crowded membranes of living cells. 20 Thus supported membranes enable ligand display along with freedom to move and reorganize naturally. Supported membranes have found productive applications in studies of the T cell immunological synapse, 21À26 neuronal interactions, 27, 28 and the triggering of EphA2 receptor tyrosine kinase in breast epithelial cancer cells. 29, 30 Supported membranes provide the added advantage that materials such as metals can be patterned onto the underlying substrate so as to impose fixed barriers or obstacles to mobility of molecules in the supported membrane. 21, 23, 24, 31 Such patterned supported membranes intrinsically embody a combination of mobile and immobile characteristics, which can be used to glean insights into the function of living cells and especially the role of spatial organization and assembly in cellular processes. 32, 33 Received: August 17, 2011 Revised:
September 15, 2011 ABSTRACT: We present a supported membrane platform consisting of a fluid lipid bilayer membrane embedded with a fixed array of gold nanoparticles. The system is realized by preforming a hexagonal array of gold nanoparticles (∼5À7 nm) with controlled spacing (∼50À150 nm) fixed to a silica or glass substrate by block copolymer lithography. Subsequently, a supported membrane is assembled over the intervening bare substrate. Proteins or other ligands can be associated with the fluid lipid component, the fixed nanoparticle component, or both, providing a hybrid interface consisting of mobile and immobile components with controlled geometry. We test different biochemical coupling strategies to bind individual proteins to the particles surrounded by a fluid lipid membrane. The coupling efficiency to nanoparticles and the influence of nanoparticle arrays on the surrounding membrane integrity are characterized by fluorescence imaging, correlation spectroscopy, and super-resolution fluorescence microscopy. Finally, the functionality of this system for live cell experiments is tested using the ephrin-A1ÀEphA2 juxtacrine signaling interaction in human breast epithelial cells.
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In this report, we describe the fabrication and characterization of a hybrid nanoparticle and supported membrane configuration consisting of an immobile array of nanoparticles embedded within a fluid supported membrane ( Figure 1AÀD ). Nanoparticle arrays are formed by block copolymer micelle nanolithography (BCML), 34 in which nucleation sites for nanoparticle growth are first ordered by self-assembly of block copolymer micelle arrays. The organic component is subsequently plasma etched, leaving an ordered array of nanoparticles on the substrate whose spacing is dictated by the original polymer molecular weight. Key features of this system are the extraordinarily small size of the gold nanoparticles (∼5À7 nm), which enables functionalization with individual protein molecules, and the controllable spacing between particles in the array in the important range of 50À150 nm, all of which are under direct synthetic control. Importantly, the BCML method of fabricating nanoparticle arrays is a self-assembly process and does not require complex patterning methods such as electron beam lithography or nanoimprint lithography. 34 Supported membranes can be assembled on these surfaces and orthogonal chemistries can be employed to functionalize the particles themselves. Fluorescence correlation spectroscopy and super-resolution microscopy are used here to examine membrane integrity and ligand coupling efficiency to the nanoparticles. Finally, application of this technology to the ephrin-A1ÀEphA2 signaling system in breast epithelial cells is examined as a test of its utility in a live cell format.
Nanoparticle Fabrication and Supported Lipid Bilayers. Arrays of gold nanoparticles were prepared using diblock copolymers of polystyrene(PS)-block-poly(2-vinylpyridine) which were dissolved in toluene. The polymer chains microphase separate into a micelle morphology with the polystyrene-block forming the outer shell and the vinylpyridine-chain forming the micellar core that can be loaded with a stoichiometric amount of a gold metal precursor. The micelles are transferred to the surface of a glass substrate by dip-coating with constant speed. 35 The sample is then treated with air plasma to remove the polymer matrix, leaving behind an array of gold nanoparticles ( Figure 1E ). The separation distance between the individual particles is adjustable by the molecular weight of the block copolymer and the dipcoating conditions.
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Supported lipid bilayers are formed by vesicle fusion from a solution of single unilamellar vesicles (SUVs). 18, 36 For the experiments described here, the particle diameter was set to 7 nm, which is comparable to the thickness of the supported membrane.
37À39 Furthermore, Roiter et al. found that nanoparticles in a size range between 1.2 and 22 nm are closely surrounded by a lipid membrane instead of being covered by the bilayer. 39, 40 SUVs prepared by both extrusion and probe sonication methods were used with no observable difference in the results. Representative fluorescence images, including field-stop aperture fluorescence recovery after photobleaching (FRAP), 18, 41 of a supported membrane coated substrate with embedded nanoparticles is illustrated in Figure 2 . The dipping edge is visible as a dark line dividing the epifluorescent image ( Figure 2A , white arrow). Only the area below the dipping edge is covered with gold particles (105 nm spacing in this example); the area above corresponds to the bare glass substrate and serves as an internal reference. FRAP performed with a bleach spot straddling the dipping edge indicates comparable membrane continuity and mobility on both sides.
The influence of the nanoparticle density on the lipid diffusion was investigated in greater quantitative detail using fluorescence correlation spectroscopy (FCS). 42, 43 Samples with particle spacings ranging from 58 to 151 nm were examined while keeping the particle size constant. Two different membrane systems were investigated: 0.008% TexadRed-DHPE doped bilayer of DOPC and His12-mGFP anchored to a 98.0% DOPC membrane doped with 2.00% Ni-DOGS (a DOGS lipid with a nickel-chelating, nitrilotriacetic acid (NTA) headgroup) following a previous protocol. 44 For the TexasRed lipid probe, measured diffusion coefficients were 2 μm 2 /s for all particle densities with no significant difference between the particle and the glass side ( Figure 2G ). The His12-mGFP exhibited diffusion coefficients ranging between Figure 2H ) with only a small trend to faster diffusion with larger particle spacing. For a substrate with such a high density of features, we consider the possibility of significant edge effects to be a real risk. 45 Significantly, no measurable effect from area exclusion due to the nanoparticles was observed, indicating that the mobile supported membrane persists quite close to the gold nanoparticle itself, without a substantial boundary area.
Nanoparticle Functionalization Strategies and Single Molecule Fluorescence Microscopy. Four strategies were tested to bind fluorescent proteins and ligands to the gold nanoparticles embedded in a lipid bilayer ( Figure 3A) . Three of the linker systems tested following a two-step approach: polyhistidineÀ Ni 2+ ÀNTA coordination chemistry, 46 N-hydroxysuccinimide (NHS)Àester covalent coupling, 47 and biotinÀstreptavidin affinity binding. For the two step approaches, thiol and disulfide linker molecules were first covalently bound to individual gold particles. In a second step, fluorescently labeled proteins were then bound to the specific linker. Double-stranded DNA with a thiol group at one 5 0 end and a 6-carboxyfluorescein (FAM) group at the 5 0 end of the complementary strand was used to functionalize the nanoparticles in a single step. For all methods, successful coupling was characterized by fluorescence microscopy ( Figure 3B ).
Fluorescence was observed only on the nanoparticle; negligible fluorescence was observed off the nanoparticle arrays or in control experiments without linker molecules.
Comparing all four methods, His-tag-Ni 2+ /NTA coupling proved most advantageous as it allows site-specific protein immobilization with high binding affinity and control over the binding orientation. However, the method suffers from unbinding over time due to instability of the Ni(II)-coordinating complex. 44 Alternatively, N-hydroxysuccinimide (NHS) esters can bind to primary amines from proteins forming a covalent amide bond. However, protein labeling is not site-selective, which could jeopardize the protein functionality. In addition, NHS suffers from unwanted side-reactions with water molecules in aqueous solution. BiotinÀstreptavidin is a popular strategy of creating high affinity linkages, but this is not site-selective and the multivalency of streptavidin as well as its intrinsic tendency to oligomerize creates an avenue for aggregation. Indeed, we observe large fluorescent aggregates for biotin coupling ( Figure 3B ). DNA offers many benefits for anchoring proteins, including especially its potential for massive orthogonality. In addition the length and flexibility of the DNA molecules can be tuned as needed. These are not examined in detail here. 
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Protein coupling to individual nanoparticles was analyzed by photoactivated localization microscopy (PALM). 48, 49 For this study, ephrinA1-mEos-His10 fusion proteins were attached to the gold nanoparticles using Ni(II)-coordinating NTA coupling as described above. The photoactivatable fluorescent protein (PAFP) mEos2 is suitable for PALM experiments because it irreversibly isomerizes from a green to a red fluorescent state upon irradiation with UV light and to date has one of the highest photon yields and highest contrast between bright and dark fluorescent states of all PAFPs. 50 Individual mEos2 molecules Nano Letters LETTER were activated using a 405 nm laser pulse for 1 s in 20 s increments while continuously imaging the sample until the field of view showed complete depletion ( Figure 4D ). Small defects were observed where the mEOS could not be bleached over the course of the data acquisition ( Figure 4C,D) . These spots are likely caused by contaminations and defects on the glass substrate that lead to particle agglomerations or holes in the bilayer itself. PALM images were constructed according to Gould et al. 51 The nearest neighbor distance of fluorescent molecules from the PALM rendered image was compared to the particle spacing from a reference SEM micrograph by calculating the radial distribution functions g(r)
52 ( Figure 4G) . A molecule spacing of approximately 100 nm was calculated for the full PALM image, which is in good agreement with the data calculated from SEM imaging of the nanoparticles themselves (∼110 nm). The coupling yield of mEos2 molecules to individual gold particles was found to be 24% by comparing the number of gold nanoparticles measured by SEM with the number of fluorophores localized with PALM. It has to be noted that the overall number of detected particles depends on several experimental parameters such as the labeling yield of the NTA linker to the gold particles, the labeling yield of the mEOS2 to the linker, the absolute number or active/ inactive mEOS2 molecules, and the efficiency of the PALM readout. No particles were lost due to the functionalization process as verified by SEM (Supporting Information).
Live Cell Experiments. Live cell experiments were performed with MDA-MB-231 cells, a highly invasive human breast epithelial cancer cell line. 53 This particular cell line is known for overexpressing the EphA2 receptor tyrosine kinase that interacts with its biological ligand, ephrin-A1, in juxtracrine fashion and has been used in previous studies by our group. 29, 30 The cells do not exhibit any nonspecific interaction with the control substrates consisting of unfunctionalized nanoparticles or of nanoparticles functionalized with NTA-linker molecules only ( Figure 5A ). In contrast, prolific adhesion was observed on the nanoparticle side of the substrate ( Figure 5B ). In a contrasting experiment, cells were exposed to a substrate in which the membrane was doped in an RGD (arginineÀglycineÀasparatic acid) motif bound to a mobile lipid. RGD is a peptide sequence that is found in extracellular matrix proteins and known to promote integrin-mediated cell adhesion. In this experiment, both the bilayer and the nanoparticles were functionalized with molecules that promote cell adhesion and the cells were found all over the substrate ( Figure 5C ).
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These results are the first example of an advanced platform of fixed gold nanoparticle arrays and supported lipid bilayers for biological studies. This new strategy that combines fixed nanopatterning with the mobility of fluid supported lipid bilayers is an important improvement over previous methods that use strictly mobile or strictly static protein patterning and offers great potential for future studies of living cells. ' REFERENCES Figure 5 . Human breast cancer MDA-MB-231 cells expressing the EphA2 receptor tyrosine kinase are cultured on the nanoparticle/ supported bilayer substrate. After 1 h of incubation on the surface, the cells were fixed and imaged using brightfield illumination microscopy. (A) On the nonfunctionalized substrate without any ligand protein, ephrin-A1, the brightfield image shows a mostly bare surface with very few cells that are nonspecifically attached to defects in the glass. (B) On the surface that is only displaying immobile ephrin-A1 ligand protein, functionalized on the nanoparticles, surrounded by a bilayer containing 100% DOPC, the cells selectively bind to the nanoparticle side on the substrate and line up along the dipping edge. (C) When the integrininteracting peptide, arginineÀglycineÀasparatic acid (RGD) is anchored to the lipid bilayer, the cells can interact with both sides of the dipping edge. RGD peptides were labeled with biotin and then bound to the biotin lipids on the bilayer through a streptavidin linker (the biotin lipids consist of 99.9% DOPC and 0.1% biotin-DPPE).
